Introduction
A systematic historical overview of the evolution of digital radiography is shown in Table 1 . Experimental digital subtraction angiography was first described in 1977 by Kruger et al (1) and introduced into clinical use as the first digital imaging system in 1980 (2) . For general radiography, x-ray images were first recorded digitally with cassette-based storage-phosphor image plates, which were also introduced in 1980 (3). The first DR system, which appeared in 1990, was the CCD slot-scan system. In 1994, investigations of the selenium drum DR system were published (4) . The first flat-panel detector DR systems based on amorphous silicon (5) and amorphous selenium (6) were introduced in 1995. Gadolinium-oxide sulfide scintillators were introduced in 1997 (7) and have been used for portable flat-panel detectors since 2001 (8) . The latest development in digital radiography is dynamic flat-panel detectors for digital fluoroscopy and angiography (9, 10) .
The most obvious advantage of digital detectors is that they allow implementation of a fully digital picture archiving and communication system, with images stored digitally and available anytime. Thus, distribution of images in hospitals can be achieved electronically by means of webbased technology without the risk of losing images. Other advantages include higher patient throughput, increased dose efficiency, and the greater dynamic range of digital detectors with possible reduction of x-ray exposure to the patient.
In this article, we provide an overview of the digital radiography systems currently available for general radiography. In so doing, we describe the physical principles of digital radiography and discuss and illustrate different systems in terms of detectors, image processing, image quality criteria, and radiation exposure issues. We also discuss future technologies and perspectives in digital radiography. Digital mammography has been reviewed in RadioGraphics elsewhere (11) .
Physical Principles of Digital Radiography
The physical principles of digital radiography do not differ much from those of screen-film radiography (Fig 1) . However, in contrast to screen-film radiography, in which the film serves as both detector and storage medium, digital detectors are used only to generate the digital image, which is then stored on a digital medium. Digital imaging comprises four separate steps: generation, processing, archiving, and presentation of the image.
The digital detector is exposed to x-rays generated by a standard tube. Ultimately, the energy absorbed by the detector must be transformed into electrical charges, which are then recorded, digitized, and quantified into a gray scale that represents the amount of x-ray energy deposited at each digitization locus in the resultant digital image. After sampling, postprocessing software is needed for organizing the raw data into a clinically meaningful image.
After final image generation, images are sent to a digitized storage archive. A digital header file containing patient demographic information is linked to each image. Although it is possible to print digital images as hard-copy film, the advantages of digital radiography are not realized completely unless images are viewed digitally on a computer workstation. Digital images can be manipulated during viewing with functions like panning, zooming, inverting the gray scale, measuring distance and angle, and windowing. Image distribution over local area networks is possible. Digital images and associated reports can be linked to a digital patient record for enhanced access to diagnostic data.
Digital Detectors
Digital radiography can be divided into CR and DR (Fig 2) .
CR systems use storage-phosphor image plates with a separate image readout process; DR is a way of converting x-rays into electrical charges by means of a direct readout process. DR systems can be further divided into direct and indirect conversion groups depending on the type of x-ray conversion used.
Computed Radiography
CR systems make use of image plates having a detective layer of photostimulable crystals that contain different halogenides such as bromide, chlorine, or iodine (eg, BaFBr:Eu 2ϩ ). The phosphor crystals are usually cast into plates into resin material in an unstructured way (unstructured scintillators). Image plates replace the conventional films in the cassette. The exposure process with storage-phosphor image plates is illustrated in Figure 3 . During exposure, x-ray energy is absorbed and temporarily stored by these crystals by bringing electrons to higher energy levels. In this way, x-ray energy can be stored for several hours, depending on the specific physical properties of the phosphor crystals used (12) . However, the readout process should start immediately after exposure because the amount of stored energy decreases over time.
The readout process is a separate step that follows exposure of the image plate (Fig 3) . When the detective layer is scanned pixel by pixel with a high-energy laser beam of a specific wave length (flying-spot scanner), stored energy is set free as emitted light having a wave length different from that of the laser beam. This light is collected by photodiodes and converted digitally into an image (12) . Chart illustrates a digital radiography system. After image exposure, the imaging data are digitally processed and stored in a digital archive. A centralized image management system is used for further distribution of the images to viewing stations, information systems, and electronic patient records. Drawing illustrates a CR system based on storage-phosphor image plates. Image generation is separated into two steps. First, the image plate (IP) is exposed to x-ray energy, part of which is stored within the detective layer of the plate. Second, the image plate is scanned with a laser beam, so that the stored energy is set free and light is emitted. An array of photomultipliers collects the light, which is converted into electrical charges by an analog-to-digital (A/D) converter.
The whole readout process for a 14 ϫ 17-inch image plate takes about 30 -40 seconds. Thus, a maximum workload of 90 -120 image plates per hour is theoretically possible.
The advantages of storage-phosphor systems include a wide dynamic range, which leads to reduced rates of failed x-ray exposure. Because CR systems are cassette based, they can easily be integrated into existing radiographic devices, are highly mobile, and are easy to use for bedside examinations and immobile patients, making these systems flexible in routine clinical use. Furthermore, if a single image plate shows defects, it can easily be replaced by the radiographer with no need for specialized equipment or service personnel.
Spatial resolution with storage-phosphor image plates is usually lower than that with conventional screen-film combinations. However, several studies have shown that the diagnostic value of storage-phosphor radiography is at least equivalent to that of screen-film radiography (13) (14) (15) . Still, compared with more modern digital detectors (eg, flat-panel detectors), storage-phosphor plates tend to be inferior in terms of image quality and diagnostic value, depending on the developmental stage of the storage-phosphor system being investigated (13,16 -29) .
Direct Radiography
Direct Conversion.-Direct conversion requires a photoconductor that converts x-ray photons into electrical charges by setting electrons free (30) . Typical photoconductor materials include amorphous selenium, lead iodide, lead oxide, thallium bromide, and gadolinium compounds. The most commonly used element is selenium.
All of these elements have a high intrinsic spatial resolution (6) . As a result, the pixel size, matrix, and spatial resolution of direct conversion detectors are not limited by the detector material itself, but only by the recording and readout devices used.
Selenium-based direct conversion DR systems are equipped with either a selenium drum or a flat-panel detector. In the former case, a rotating selenium-dotted drum, which has a positive electrical surface charge, is exposed to x-rays. During exposure, a charge pattern proportional to that of the incident x-rays is generated on the drum surface and is recorded during rotation by an analogto-digital converter (Fig 4a) (30) . Several clinical studies have confirmed that selenium drum detectors provide good image quality that is superior to that provided by screen-film or CR systems (4, 13, 16, 17, 31, 32) . However, because of their mechanical design, selenium drum detectors are dedicated thorax stand systems with no mobility at all.
A newer generation of direct conversion DR systems make use of selenium-based flat-panel detectors. These detectors make use of a layer of selenium with a corresponding underlying array of thin-film transistors (TFTs). The principle of converting x-rays into electrical charges is similar to that with the selenium drum, except that the charge pattern is recorded by the TFT array, which accumulates and stores the energy of the electrons (Fig 4b) .
One advantage of these systems is greater clinical usefulness, since the detectors can be mounted on thorax stands and bucky tables. To date, there have been only a few clinical studies conducted with selenium-based flat-panel detectors. However, these studies indicate that the image quality provided by selenium-based flat-panel detectors is equivalent to that provided by other flat-panel detectors and selenium drum detectors (17, 32) . Another promising clinical application of selenium-based flat-panel detectors is in the field of mammography (33) .
Indirect Conversion with a CCD.-A CCD is a light-sensitive sensor for recording images that consists of an integrated circuit containing an array of linked or coupled capacitors. X-ray energy is converted into light by a scintillator such as Tldoped cesium iodide. The amount of light emitted is then recorded by the CCD, and the light is converted into electrical charges.
Because the detector area cannot be larger than the CCD chip, it is necessary to combine several chips to create larger detector areas.
CCDs can be used for radiography as part of either a lens-coupled CCD system or a slot-scan CCD system. In lens-coupled CCD systems, an array consisting of several CCD chips forms a detector area similar to that of a flat-panel detector. Optical lenses are needed to reduce the area of the projected light to fit the CCD array (Fig  5a) . One drawback of the lens system is a decrease in the number of photons reaching the CCD, resulting in a lower signal-to-noise ratio and relatively low quantum efficiency (34) .
Slot-scan CCD systems make use of a special x-ray tube with a tungsten anode. The patient is scanned with a collimated fan-shaped beam, which is linked to a simultaneously moving CCD detector array having a matching detector width (Fig 5b) . The combination of a small collimated beam and a concordant detector reduces the impact of scattered radiation in the image, since much of this radiation will escape without detection. In addition, the relatively low quantum efficiency of slot-scan CCD systems, which is comparable to that of CR systems, can be offset by the resulting lower image noise (35) . The exposure time to the patient is about 20 msec, and the readout process takes about 1.3 seconds (36) . Because of the need for fixed installation, slotscan CCD systems are dedicated to chest radiography, mammography, or dental radiography.
Studies dealing with CCD-based digital general radiography are rare. Phantom studies have been conducted to investigate slot-scan CCD systems and compare them with screen-film combinations (35, 36) and various digital detectors (16, 17, 37) . In all of these studies, CCD-based systems were comparable to flat-panel detectors in terms of image quality and allowed slightly superior low-contrast visualization. Clinical studies performed with slot-scan detectors are mainly concentrating on applications in mammography (11, 38) and digital dental radiography.
The performance of lens-coupled CCD systems is somewhat inferior to that of slot-scan systems because of their technical principle (16, 17) , substantially lower quantum efficiency, and lower signal-to-noise ratio.
Indirect Conversion with a Flat-Panel Detector.-Indirect conversion DR systems are "sandwich" constructions consisting of a scintillator layer, an amorphous silicon photodiode circuitry layer, and a TFT array. When x-ray photons reach the scintillator, visible light proportional to the incident energy is emitted and then recorded by an array of photodiodes and converted to electrical charges. These charges are then read out by a TFT array similar to that of direct conversion DR systems (Fig 6) .
The scintillators usually consist of CsI or Gd 2 O 2 S. Gd 2 O 2 S crystals are cast into a binding material and are unstructured scintillators having a structure similar to that of storage phosphors (34) .
The advantage of CsI-based scintillators is that the crystals can be shaped into 5-10-m-wide needles, which can be arranged perpendicular to the surface of the detector. This structured array of scintillator needles reduces the diffusion of light within the scintillator layer (5, 39, 40) . As a result, thicker scintillator layers can be used, thereby increasing the strength of the emitted light and leading to better optical properties and higher quantum efficiency (41) .
One further advantage of flat-panel detectors is their small size, which allows integration into existing bucky tables or thorax stands. Because CsIbased flat-panel detectors are highly vulnerable to mechanical load because of their fine structure, these systems cannot be used outside of fixed installations and therefore lack mobility. Portable flat-panel detector systems make use of Gd 2 O 2 Sbased scintillators, which are as resistant to mechanical stress as are storage phosphors (8, 42, 43) . Any defects that occur in the detector may cause a complete breakdown of the imaging system, making contingency imaging devices necessary.
Image generation with flat-panel detectors is almost a real-time process, with a time lapse between exposure and image display of less than 10 seconds. Consequently, these systems are highly productive, and more patients can be examined in the same amount of time than with other radiographic devices.
Many clinical studies have shown indirect conversion flat-panel detectors to provide superior image quality (39,40,44 -47) . Studies comparing indirect conversion flat-panel detectors with conventional screen-film combinations (18,21,22, 25,28,45,48 -51) , storage-phosphor image plates (17,18,20 -27,29,52) , or other digital detectors (16, 17, 31, 37) have verified that flat-panel detectors offer the best image quality and low-contrast performance of all digital detectors and, so far, are superior to conventional screen-film combinations.
Image Processing
After exposure and readout, the raw imaging data must be processed for display on the computer (Fig 7) . Image processing is one of the key features of digital radiography, greatly influencing the way the image appears to the radiologist (53) . Although software products from several manufacturers use similar algorithms such as edge enhancement, noise reduction, and contrast enhancement to alter the appearance of the image, the resulting impressions may differ considerably.
Image processing is used to improve image quality by reducing noise, removing technical artifacts, and optimizing contrast for viewing. Spatial resolution (the capacity to define the extent or shape of features within an image sharply and clearly) cannot be influenced by the processing software because it is dependent on the technical variables of the detector (eg, pixel size). However, with optimization of other processing variables, lack of spatial resolution can be partially counteracted (53) .
Altering processing features on digitally acquired images is not trivial. If one feature is being improved, others may be suppressed, so that unintended and unwanted masking of diagnostically relevant features may occur. Consequently, image processing must be optimized carefully for each digital radiography system. In addition, processing algorithms must be adapted to each anatomic region-meaning, for example, that different standards are required for lateral and posteroanterior chest radiography.
Image processing software is usually bundled with the detector and cannot be replaced by other software. In general, this arrangement allows processing algorithms to be optimized for a specific detector but does not rule out the possibility that use of a different processing software package might improve image quality even further.
A study by Prokop and Schaefer-Prokop (53) provides a more in-depth look at the technical possibilities of digital image processing. Table 2 shows some relevant technical features of various radiography systems.
Aspects of Image Quality

Pixel Size, Matrix, and Detector Size
Digital images consist of picture elements, or pixels. The two-dimensional collection of pixels in the image is called the matrix, which is usually expressed as length (in pixels) by width (in pixels) ( Table 2) . Maximum achievable spatial resolution (Nyquist frequency, given in cycles per millimeter) is defined by pixel size and spacing. The smaller the pixel size (or the larger the matrix), the higher the maximum achievable spatial resolution. The overall detector size determines if the detector is suitable for all clinical applications. Larger detector areas are needed for chest imaging than for imaging of the extremities. In cassette-based systems, different sizes are available. 
Spatial Resolution
Spatial resolution refers to the minimum resolvable separation between high-contrast objects. In digital detectors, spatial resolution is defined and limited by the minimum pixel size. Increasing the radiation applied to the detector will not improve the maximum spatial resolution. On the other hand, scatter of x-ray quanta and light photons within the detector influences spatial resolution. Therefore, the intrinsic spatial resolution for selenium-based direct conversion detectors is higher than that for indirect conversion detectors. Structured scintillators offer advantages over unstructured scintillators. According to the Nyquist theorem, given a pixel size a, the maximum achievable spatial resolution is a/2. At a pixel size of 200 m, the maximum detectable spatial frequency will be 2.5 cycles/mm. The diagnostic range for general radiography is 0 -3 cycles/mm (34, 54) ; only older generations of storage phosphors do not meet this criterion (Table 2) . For digital mammography, the demanded diagnostic spatial resolution is substantially higher (Ͼ5 cycles/mm), indicating the need for specially designed dedicated detectors with smaller pixel sizes and higher resolutions (11) .
Modulation Transfer Function
Modulation transfer function (MTF) is the capacity of the detector to transfer the modulation of the input signal at a given spatial frequency to its output (55) . At radiography, objects having different sizes and opacity are displayed with different gray-scale values in an image. MTF has to do with the display of contrast and object size. More specifically, MTF is responsible for converting contrast values of different-sized objects (object contrast) into contrast intensity levels in the image (image contrast). For general imaging, the relevant details are in a range between 0 and 2 cycles/mm, which demands high MTF values.
MTF is a useful measure of true or effective resolution, since it accounts for the amount of blur and contrast over a range of spatial frequencies. MTF values of various detectors were measured and further discussed by Illers et al (56) .
Dynamic Range
Dynamic range is a measure of the signal response of a detector that is exposed to x-rays (55) . In conventional screen-film combinations, the dynamic range gradation curve is S shaped within a narrow exposure range for optimal film blackening (Fig 8) ; thus, the film has a low tolerance for an exposure that is higher or lower than required, resulting in failed exposures or insufficient image quality. For digital detectors, dynamic range is the range of x-ray exposure over which a meaningful image can be obtained. Digital detectors have a wider and linear dynamic range, which, in clinical practice, virtually eliminates the risk of a failed exposure. Another positive effect of a wide dynamic range is that differences between specific tissue absorptions (eg, bone vs soft tissue) can be displayed in one image without the need for additional images. On the other hand, because detector function improves as radiation exposure increases, special care has to be taken not to overexpose the patient by applying more radiation than is needed for a diagnostically sufficient image.
Detective Quantum Efficiency
Detective quantum efficiency (DQE) is one of the fundamental physical variables related to image quality in radiography and refers to the efficiency of a detector in converting incident x-ray energy into an image signal. DQE is calculated by comparing the signal-to-noise ratio at the detector output with that at the detector input as a function of spatial frequency (55) . DQE is dependent on radiation exposure, spatial frequency, MTF, and detector material. The quality (voltage and current) of the radiation applied is also an important influence on DQE (41) .
High DQE values indicate that less radiation is needed to achieve identical image quality; increasing the DQE and leaving radiation exposure constant will improve image quality. Graph illustrates the dynamic range of screen-film combinations and digital detectors. Screenfilm systems have only a limited tolerance for radiation exposure, resulting in a steep and tight curve, whereas the curve for digital detectors is less steep and covers a wider range. As a result, an optimal signal response will occur over a wider exposure range with digital detectors than with screen-film combinations. The ideal detector would have a DQE of 1, meaning that all the radiation energy is absorbed and converted into image information. In practice, the DQE of digital detectors is limited to about 0.45 at 0.5 cycles/mm (Fig 9) . During the past few years, various methods of measuring DQE have been established (41) , making the comparison of DQE values difficult if not impossible. In 2003, the IEC62220 -1 standard was introduced to standardize DQE measurements and make them comparable.
The DQE curves for four different digital detectors are shown in Figure 9 . Screen-film systems have a DQE comparable to that of detector CR 2 in Figure 9 .
Radiation Exposure
In general, the higher DQE values of most digital detectors compared with screen-film combinations suggest that, besides providing better image quality, digital detectors have the potential for substantially lowering patient exposure without a loss of image quality. Efforts have been made to optimize both image quality and exposure in digital radiography.
The most obvious way to minimize patient exposure is to greatly reduce the number of failed exposures and requisite additional images. This reduction is made possible by the wider dynamic range of digital detectors compared with conventional screen-film combinations. Yet, this wider dynamic range will contribute little to reducing exposure to the individual patient. By reducing the amount of radiation exposure needed for a sufficient image, unnecessary exposure can be directly eliminated.
Only a few studies have investigated the possibility of reducing the exposure with storage-phosphor radiography. Heyne et al (57-59) published three studies on exposure reduction in digital radiography of skull, hand, pelvis, and lumbar spine phantoms using a standard CR system. In all three studies, the authors concluded that reduction of exposure with storage-phosphor systems is possible to a variable extent, depending on the clinical problem and the specific clinical question. These results were confirmed by another trial, in which specimens of fractured wrists were used (60). Busch et al (61) compared various storagephosphor systems with a flat-panel detector system at different exposures in radiography of lowcontrast, hand, abdomen, and chest phantoms. The authors found that exposure reduction with storage-phosphor systems is limited to certain clinical indications and cannot be applied unrestrictedly in clinical practice because some incidental finding might be masked by increased image noise in low-exposure images (61) . Reasonable exposure reduction requires settings in which the chance of underdiagnosis is minimized.
Unlike storage-phosphor systems, in which the possibility of exposure reduction is limited, DR systems offer a significantly higher potential for general exposure reduction because of their far superior quantum efficiency. Several studies have shown that a considerably lower exposure is required for equivalent depiction of anatomic details with flat-panel detectors than with storagephosphor systems and screen-film combinations for different clinical fields, including radiography of the extremities and chest (16, 17, (22) (23) (24) (25) 27, 32, 35, 37, 40, 43, 45, 47, 49, 51, 52, (62) (63) (64) (65) . In most of these studies, indirect conversion flat-panel detectors showed the highest potential for reducing exposure, regardless of the clinical setting. There have also been numerous studies comparing various digital detectors within the same application (16, 17) . The authors of these studies also concluded that flat-panel detectors achieved the best results in low-exposure imaging, followed by other DR systems such as selenium drum-and CCD-based systems.
Although almost all of these studies agree as to the ranking of the systems in terms of the degree of exposure reduction, the total percentage of suggested reduction varies dramatically (64) . Consequently, requirements for the optimization of image quality may differ even within the departments that conducted the studies, and general recommendations for optimal imaging exposures for specific indications cannot be given. In summary, reduction of exposure in flat-panel detector digital radiography is possible, to some extent regardless of the clinical situation. Reports of an increase of exposure with digital radiography are rare and concern only chest radiography with storage phosphors (66, 67) . One reason for these apparently contradictory findings is the effectively variable speed of CR systems and the willingness of radiologists to accept more noise in some of the images obtained with these systems (66) . Another reason might be that both studies were published in 2000, having made use of somewhat older generations of storage phosphors and scanners.
A study by Geijer et al (68) and one by Geijer alone (69) described an increase of exposure in the imaging of scoliosis with a direct conversion flat-panel detector. However, this finding was put into perspective by the fact that optimization of the DR systems yielded superior image quality at lower exposure (69) .
Future Technologies and Perspectives
New storage phosphors and scanning systems are being investigated for use in CR. These phosphors are structured, since their crystals are grown in a needle shape, and are coated on a glass or aluminum substrate without any binding material between the crystals (70, 71) . This technique offers tighter phosphor packing and reduced pixel size, resulting in DQE values that are as high as those for indirect conversion flat-panel detector systems (Fig 9) (70,72,73 ). In addition, images are scanned line by line with this system, resulting in shorter scanning times. Line scanners could also read out each pixel of a line for a longer time if scanning time is kept constant compared with that of a flying-spot scanner, which results in a higher signal being produced by the emitted light. Initial clinical studies in chest radiography with this system have shown equal quality with a stateof-the-art unstructured CR system with the exposure lowered to 50% (72) .
With the introduction of portable devices, flatpanel detector systems will be more flexible and might even replace CR systems (8, 42, 43) . However, the image quality afforded by these portable devices must be further investigated and compared with that afforded by storage-phosphor systems.
Another promising application is the use of dynamic flat-panel detectors in fluoroscopy (9, 55) . Studies using these systems have indicated improved image quality and reduced patient exposure (74, 75) , although there are also reports that do not indicate reduced exposure (76) .
Improvement in the DQE and signal-to-noise ratio of detectors may lead to even further reduction of exposure or improvement in image quality. The architecture of the readout arrays could be optimized by reducing the size of the circuit and pixels.
Conclusions
The future of radiography will be digital. The advantages of digital radiography with respect to various imaging systems have been extensively discussed in the literature. The large number of scientific papers dealing with digital radiography that have been published over the last 25 years also indicates the importance of this topic to the radiologist. CR systems use storage-phosphor image plates with a separate image readout process; DR is a way of converting x-rays into electrical charges by means of a direct readout process. DR systems can be further divided into direct and indirect conversion groups depending on the type of x-ray conversion used.
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